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Upregulation of c-FLIP-short in response to TRAIL 
promotes survival of NSCLC cells, which could be 
suppressed by inhibition of Ca 2 /calmodulin signaling 

VO Kaminskyy 1,5 , OV Surova 1 ' 5 , T Piskunova 1 , IB Zborovskaya 2 ' 3 , EM Tchevkina 2 ' 3 , L Andera 4 and B Zhivotovsky*' 1,3 

TNF-related apoptosis-inducing ligand (TRAIL) is a promising cytokine for killing tumor cells. However, a number of studies have 
demonstrated that different cancer cells resist TRAIL treatment and, moreover, TRAIL can promote invasion and metastasis in 
resistant cells. Here we report that TRAIL rapidly activates caspase-8 in a panel of non-small-cell lung carcinomas (NSCLCs). 
Adenocarcinomas derived from the lung in addition to high caspase-8 expression are characterized by increased expression of 
DR4 compared with adjacent non-neoplastic tissues. Blocking DR4 or lowering caspase-8 expression significantly reduced 
apoptosis in NSCLC cell lines, indicating the importance of DR4 and signifying that higher levels of caspase-8 in lung 
adenocarcinomas make them more susceptible to TRAIL treatment. Despite rapid and robust initial responsiveness to TRAIL, 
surviving cells quickly acquired resistance to the additional TRAIL treatment. The expression of cellular-FLIP-short (c-FLIP s ) was 
significantly increased in surviving cells. Such upregulation of c-FLIP s was rapidly reduced and TRAIL sensitivity was restored 
by treatment with cycloheximide. Silencing of c-FLIP s , but not c-FLIP-long (c-FLIP L ), resulted in a remarkable increase in 
apoptosis and significant reduction of clonogenic survival. Furthermore, chelation of intracellular Ca 2+ or inhibition 
of calmodulin caused a rapid proteasomal degradation of c-FLIP s , a significant increase of the two-step processing of 
procaspase-8, and reduced clonogenicity in response to TRAIL. Thus, our results revealed that the upregulation of DR4 and 
caspase-8 expression in NSCLC cells make them more susceptible to TRAIL. However, these cells could survive TRAIL treatment 
via upregulation of c-FLIP s , and it is suggested that blocking c-FLIP s expression by inhibition of Ca 2+ /calmodulin signaling 
significantly overcomes the acquired resistance of NSCLC cells to TRAIL. 
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Chemo- and radiotherapy are two main regimens that are 
used for the treatment of lung cancers. Both these treatments 
primarily engage the mitochondrial apoptotic pathway. In 
contrast to small-cell lung carcinomas (SCLCs) that respond 
well to chemo- and radiotherapy, non-small-cell lung carcino- 
mas (NSCLCs) are quite resistant to treatment. Thus, 
considering the poor responsiveness of NSCLC cells to 
conventional therapy, alternative pathways that trigger cell 
death might be beneficial for efficient killing of these tumors. In 
contrast to conventional therapeutic drugs, which trigger the 
DNA-damage response, TNF-related apoptosis-inducing 
ligand (TRAIL) binds to the surface death receptors (DRs), 
leading to the recruitment of caspase-8 and Fas-associated 
death domain (FADD), and formation of death-inducing 
signaling complex (DISC), where caspase-8 is autocatalyti- 
cally processed and activates apoptotic signaling. Recruit- 
ment of cellular-FLICE inhibitory protein (c-FLIP) blocks the 



processing and activation of procaspase-8 and -10 at the 
DISC level, and inhibits cell death mediated by the DR4, DR5, 
CD95, and TNF-R1 DRs. To date, three c-FLIP isoforms, 
including c-FLIP-long (c-FLIP L ), c-FLIP-short (c-FLIP s ), and 
c-FLIP R , have been identified at the protein level 1-3 and the 
increased expression of both FLIP L and c-FLIP s isoforms in 
some lung tumors was reported. 4 

A number of recent clinical trials in phases lb and II 
demonstrate safety and efficiency of using TRAIL-related 
apoptogens (the recombinant ligand or agonist monoclonal 
antibodies) that trigger TRAIL receptors in combinatory 
treatment of advanced NSCLCs with conventional therapeutic 
drugs paclitaxel, carboplatin, and bevacizumab. 5-7 However, 
in contrast to these publications, several other reports 
demonstrate that instead of inhibition of tumor growth in cells 
resistant to TRAIL-mediated apoptosis, this compound can 
promote tumor progression, invasion, and metastasis. 8-12 
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Thus, questions concerning the mechanisms of the specific 
killing of different cancer cells with TRAIL and, more 
importantly, the promotion of survival of cancer cells in 
response to TRAIL treatment remain to be resolved. 

We have previously reported that a number of SCLC cells 
are resistant to TRAIL treatment owing to the lack of caspase- 
8 expression, and restoration of this protease is sufficient to 
sensitize these cancer cells to TRAIL 13 . However, several 
studies have demonstrated that even in tumors expressing 
caspase-8 and all other components essential for DISC 
formation, TRAIL monotherapy is inefficient, probably due to 
high survival rates of tumor cells in response to this treatment. 
Therefore, different combinations of TRAIL with drugs were 
proposed to improve the apoptotic response. 14 In this study, 
using a panel of NSCLC cell lines, we demonstrate that most 
of these cells quickly and efficiently die upon TRAIL treatment, 
and apoptotic response in all studied cell lines is dependent 
on the expression of DR4. Importantly, we found that in 
comparison to non-neoplastic tissues, lung adenocarcinomas 
express higher levels of DR4 and caspase-8, suggesting that 
TRAIL will preferentially kill these tumor cells. Nevertheless, 
using an in vitro model we demonstrate that in response to 
TRAIL, the surviving cells rapidly upregulate c-FLIP s and 
become resistant to the additional TRAIL treatment. 
In addition, we established that blockage of the Ca 2+ / 
calmodulin signaling pathway rapidly decreases the stability 
of c-FLIP s protein expression in NSCLC cells, which suggests 
that inhibition of this pathway could be a promising way for the 
efficient elimination of NSCLC cells in response to TRAIL 
treatment. 



Results 

Expression of DISC components and apoptotic cell 
death in NSCLC cells upon treatment with TRAIL. A 

number of studies have shown that activation of the TRAIL 
receptor pathway is a promising therapeutic strategy to 
eradicate selectively NSCLCs. Nevertheless, the resistance 
of cells to TRAIL-induced cell death occurs in most cases 
and is believed to be related to downstream factors. To 
evaluate susceptibility to treatment of NSCLC cells with 
TRAIL, expression of the key proteins involved in its signaling 
was analyzed in a panel of NSCLC cells (H125, H157, A549, 
H661, and U1810). The expression of procaspase-8, DR4 
and DR5, and FADD, as well as c-FLIP L and c-FLIP s 
isoforms were examined by western blot analysis 
(Figure 1a). All cell lines exhibited relatively high levels of 
the proteins essential for DISC formation. In addition, both 
c-FLIPs and c-FLIP L levels were significantly higher in three 
out of five studied cell lines (A659, H661, and U1810). 
Despite relatively high levels of c-FLIP L expression, two cell 
lines, H125 and H157, completely lacked the expression of 
its short isoform (Figure 1a). Importantly, the majority of cell 
lines had very low (A549, H661, and U1810) or 
undetectable (H125 and H157) endogenous levels of DR5, 
whereas DR4 was expressed at high levels in all cell lines 
(Figure 1a). 

Further, we analyzed NSCLC cell lines for their sensitivity 
to TRAIL-mediated apoptosis. Treatment with TRAIL 
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Figure 1 Expression of DISC components and apoptotic response in NSCLC 
cells upon treatment with TRAIL, (a) Expression of c-FUP s , procaspase-8, DR4 and 
DR5, and FADD in a panel of NSCLC cells, (b) TRAIL-mediated activation of 
caspase cascade in NSCLC cells. NSCLC cells were treated with TRAIL 
(3h, 200 ng/ml) and processing of procaspase-8 and formation of active forms of 
caspase-9 and -3 and specific cleavage (CI) of PARP-1 were analyzed by 
immunoblot. (c and d) NSCLC cells were treated with TRAIL (24 h, 100 ng/ml) and 
MMP was assessed using TMRE staining. Apoptotic cell death was measured by 
Annexin V staining. Error bars represent S.E. *P<0.05 



(3 h, 200 ng/ml) caused pronounced processing of caspase-8 
and -3, as well as massive cleavage of poly(ADP)ribose 
polymerase (PARP)-1 in a panel of NSCLC cell lines 
(Figure 1b). Annexin V-based cell death assay showed that 
TRAIL efficiently killed 40% to over 90% of cells within 24 h 
of treatment (Figure 1c and Supplementary Figure 1). In 
addition, such treatment engaged the mitochondrial pathway 
and resulted in the cleavage of caspase-9 (Figure 1b). The 
drop of mitochondrial membrane potential (MMP) was 
observed in more than 40% of cells 24 h after treatment with 
TRAIL (Figure 1d), indicating that mitochondria signaling 
contributes to the TRAIL-induced cell death. Overall, these 
data demonstrate that NSCLC cell lines possess high 
sensitivity to apoptosis induction by TRAIL. 

DR4 mediates apoptosis of NSCLC cells in response to 
TRAIL treatment. As TRAIL can induce apoptotic signaling 
via either of two DD-containing receptors, DR4 and DR5, we 
aimed to clarify which of them is essential for the transmis- 
sion of the death signal upon TRAIL binding. Antagonizing 
antibodies directed against DR4 and DR5 were used in the 
A549 cell line to block receptors before treatment with TRAIL. 
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Notably, blockage of DR4 but not DR5 resulted in a 
significant reduction in the TRAIL apoptotic response as 
assessed by a decrease in processing of caspase-8 and 
cleavage of PARP-1 (Figure 2a). In addition, silencing of DR5 
did not affect caspase-8 activation (Figure 2b). Flow 
cytometry analysis revealed that DR4 was highly expressed 
at the cell surface in all studied cell lines (Figure 2c). 
Blockage of DR4 (but not DR5) almost completely abrogated 
apoptosis in all NSCLC cell lines in response to TRAIL 
treatment (Figure 2d and Supplementary Figure 2). To 
further validate the importance of DR4, its expression as 
well as expression of caspase-8 (which is often not 
expressed in SCLC cells) was analyzed in clinical samples. 
Western blot analysis revealed that several adenocarcino- 
mas derived from the lung had much higher expression 
of both DR4 and caspase-8 compared with adjacent non- 
neoplastic tissues (Figure 2e). These data signify that 
DR4 but not DR5 determines the sensitivity of selected 



NSCLC cells to TRAIL-induced apoptosis. Importantly, high 
expression of DR4 and caspase-8 in lung adenocarcinomas 
could predispose susceptibility of these tumors to TRAIL- 
mediated therapy. 

NSCLC cells that survived TRAIL treatment become 
resistant to its additional administration. Although TRAIL 
efficiently triggered apoptosis in NSCLC cell lines, we 
observed that a number of cells survived this treatment. To 
further determine the response of these cells to TRAIL for 
long-term assessment of cell viability, the clonogenic assay 
has been performed. Using this assay, we found that only a 
small number of H157 and U1810 cells formed colonies, 
whereas more than 40% of cells in H661 and A549 cell 
populations survived TRAIL treatment (Figures 3a and b). 
Thus, despite an initial response, a significant amount of 
A549 and H661 cells retained the ability to survive and 
recovered after treatment with TRAIL. Moreover, using A549 
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Figure 2 DR4 mediates apoptosis of NSCLC cells in response to TRAIL treatment, (a) DR4 and DR5 in A549 cells were blocked using specific antagonizing antibodies for 
30 min before TRAIL treatment (3 h, 200 ng/ml). Processing of procaspase-8 and cleavage (CI) of PARP were analyzed by immunoblot. (b) DR5 was silenced in A549 cells 
using specific small interfering RNA (siRNA), and 48 h post-siRNA transfection, cells were treated with TRAIL (3 h, 200 ng/ml). (c) Expression of surface DR4 assessed by flow 
cytometry as described in Materials and Methods section. Filled histograms represent antibody control and green histograms represent staining with DR4 antibody, (d) Surface 
DR4 in a panel of NSCLC cells was blocked using a neutralizing antibody for 30 min prior TRAIL treatment (3 h, 200 ng/ml). Cell death was analyzed by Annexin V staining 
using flow cytometry, (e) Expression of procaspase-8 and DR4 in lung adenocarcinomas and adjacent non-neoplastic tissues was analyzed by immunoblot. Error bars 
represent S.E. *P<0.05. Ctr, control; a-DR, antagonizing DR4, or DR5 antibody; FITC, fluorescein isothiocyanate; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; 
N, normal tissue; T, tumor tissue; scr, scrambled; Untr, untreated 
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Figure 3 Survival of NSCLC cells in response to TRAIL treatment, (a and b) Cells were seeded in 6-well plates, and 24 h after the seeding, cells were treated with TRAIL 
(200 ng/ml). At 1 4 days after treatment, cells were fixed in paraformaldehyde and colonies were counted, (c) A549 cells were repeatedly treated for 3 h with TRAIL (200 ng/ml). 
At 48 and 96 h after the initial treatment, fresh TRAIL (200 ng/ml) was added for 3 h and cells were collected. Procaspase-8 processing and PARP-1 cleavage was analyzed by 
immunoblot. Error bars represent S.E. *P<0.05. CI, cleaved; Unt, untreated 



cells we found that no caspase-8 activation and PARP-1 
cleavage was detected when these cells were additionally 
treated with TRAIL at 48 and 96 h after initial treatment 
(Figure 3c). 

Upregulation of c-FLIP s is essential for clonogenic 
survival of NSCLC cells treated with TRAIL. Our obser- 
vation that only the NSCLC cells, which have high expression 
of c-FLIPs protein, were able to survive in clonogenic assay 
following TRAIL treatment suggested its possible contri- 
bution to survival. To clarify the molecular mechanism of 
acquired TRAIL resistance, the effect of prolonged treatment 
with TRAIL on the expression of main components involved 
in its signaling pathway was examined. Incubation of A549 
and H661 cells in the presence of TRAIL (3 days) did not 
affect the expression of essential DISC components, such as 
caspase-8, DR4, and FADD (Figure 4a). However, the 
expression of c-FLIP s was significantly increased in 
response to TRAIL, which correlated with the survival of 
A549 and H661 cells. We decided to wash away dead cells 
and measure the level of c-FLIP s in three other NSCLC cell 
lines 3 days after incubation with TRAIL. Only one out of 
these cell lines (H125) completely died within 3 days. 
However, in the case of H157 and U1810 cell lines, enough 
cells survived to measure the expression of c-FLIP s . 
Although c-FLIP s protein expression was undetectable 
before TRAIL administration in these two cell lines, its 
expression was drastically increased in cells that survived 
TRAIL treatment (Figure 4b). Importantly, the level of c-FLIP L 
was not upregulated and even slightly reduced in some 
TRAIL-treated cells, most likely due to its proteolytic 



cleavage as documented by the appearance of its p43 
fragment (Figure 4b). 

As the expression of c-FLIPs is tightly regulated at the 
protein level, A549 cells that survived TRAIL treatment were 
subjected to additional incubation with TRAIL in the presence 
of the protein biosynthesis inhibitor cycloheximide (CHX) 
(1 0 /ig/ml). Consequently, in the presence of CHX, the protein 
level of c-FLIPs (but not c-FLIP L ) was rapidly reduced, which 
is in an agreement with a much shorter lifespan of c-FLIP s . 
Reduction of c-FLIP s was followed by the activation of 
caspase-8 and cleavage of PARP-1 (Figure 4c). To prove 
the role of different c-FLIP isoforms in cell death, A549 cells 
were transfected with siRNAs targeting either c-FLIP L or 
c-FLIPs, followed by treatment with TRAIL (200 ng/ml, 3h). 
Downregulation of c-FLIP L had no effect on apoptotic 
response induced by TRAIL, whereas silencing of c-FLIP s 
resulted in a significant increase in caspase-8 and -3 
activation, as well as PARP-1 cleavage upon treatment with 
TRAIL (Figure 4d and Supplementary Figure 3). Furthermore, 
A549 cells were examined for clonogenic survival after 
transfection with siRNAs targeting c-FLIP L , c-FLIP s , or 
caspase-8. No decrease in clonogenic survival was observed 
in cells after silencing of c-FLIP L , whereas partial reduction of 
caspase-8 expression inhibited TRAIL-induced loss in clono- 
genic survival (Figures 4e-g). In contrast, when A549 cells 
were transfected with siRNA against c-FLIP s , a significant 
reduction in survival following TRAIL exposure was observed 
(Figures 4e and f). Overall, these data indicate that upregula- 
tion of c-FLIPs results in complete inhibition of TRAIL 
cytotoxicity and is absolutely required to confer survival of 
NSCLC cells in response to TRAIL. 
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Figure 4 Upregulation of c-FLIP s is essential for clonogenic survival of NSCLC cells treated with TRAIL, (a and b) NSCLC cells were treated with TRAIL (3 days, 
200 ng/ml) and DISC components were analyzed by immunoblot. (c) A549 cells that survived 3 days treatment with TRAIL were untreated (Untr) or treated with CHX (10 ^g/ 
ml) simultaneously with freshly added TRAIL (200 ng/ml). Processing of procaspase-8, expression of c-FLIP s , and formation of cleaved (CI) PARP-1 were detected by 
immunoblot. (d) The effect of silencing of c-FLIP L and c-FLIP s on TRAIL-mediated activation of procaspase-8 and -3, and cleavage of PARP-1 . (e and f) Clonogenic survival of 
A549 cells transfected with small interfering (si)RNAs targeting c-FLIP L , c-FLIP s , and procaspase-8. At 24 h after siRNA transfection, cells were seeded in 6-well plates, 
and 24 h after the seeding, cells were treated with TRAIL (200 ng/ml). Cell colonies were fixed and counted 14 days after the treatment. Ratio of the number of colonies in 
TRAIL-treated divided by the number of colonies in TRAIL-untreated samples for each specific siRNA is presented as bars in (f). (g) Processing of procaspase-8 in A549 cells 
transfected with siRNAs targeting procaspase-8, c-FLIP L , and c-FLIP s , and treated with TRAIL (200 ng/ml, 2 h). Cells from the same transfection experiment were used for 
clonogenic assay. Error bars represent S.E. *P<0.05. FADD, Fas-associated protein with death domain; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; scr, 
scrambled 



Difference in c-FLIP s mRNA expression and regulation 
of its degradation in NSCLC cells. To further establish the 
mechanisms responsible for different expression of c-FLIP s 
in a panel of NSCLC, we characterized the expression level 
of c-FLIPs mRNA in selected cell lines. c-FLIP s mRNA 



expression was significantly lower in U1810, H125, and H157 
cells compared with A549 and H661, correlating with its 
protein expression (Figure 5a). Nevertheless, even cell lines 
with undetectable level of c-FLIP s protein (H125 and H157) 
expressed c-FLIP s mRNA, indicating that the low level of 
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Figure 5 Difference in c-FLIP s mRNA expression and regulation of its 
degradation in NSCLC cells, (a) The expression of c-FLIP s in NSCLC cells was 
analyzed by quantitative real-time polymerase chain reaction (PCR). (b) NSCLC 
cells were untreated (Untr) or treated with either inhibitor of proteasomal proteolysis 
MG132 (5 fiU, 3 h) or bafilomycin A1 (Baf) (200 nM, 3 h). The expression of c-FLIP s 
was analyzed by immunoblot. (c) A549 cells were treated with MG132 (5 fiM, 3h) 
alone or in combination with Ca 2+ chelator BAPTA-AM (10 ^M, 3h) or the 
inhibitors of calmodulin, CMZ (1 0 [M, 3 h) and FPZ (1 0 [M, 3 h). The expression of 
c-FLIP s was analyzed by immunoblot. (d) A549 cells were treated with calmodulin 
inhibitors and c-FLIP s and procaspase-8 expression were analyzed by immunoblot. 
Error bars represent S.E. GAPDH, glyceraldehyde 3-phosphate dehydrogenase 



protein expression could be due to accelerated degradation 
rather than decreased protein synthesis of c-FLIP s . As 
c-FLIP degradation is catalyzed proteolysis within protea- 
somes, the cells were treated with the specific proteasome 
inhibitor MG132 (5 ^M, 3 h) to assess the degradation rate of 
c-FLIPs in cells with different levels of its mRNA expression. 
MG132 application resulted in the inhibition of c-FLIP s 
degradation and its accumulation in cells expressing high 
and low levels of c-FLIP s mRNA (Figure 5b). Notably, 
inhibiton of lysosomal degradation by bafilomycin A1 
(200 nM, 3h) did not induce c-FLIP s protein accumulation 
(Figure 5b). These data indicate that the protein level of 
c-FLIPs is differentially regulated by the ubiquitin- 
proteasome pathway in NSCLC cells and in the presence 
of TRAIL lung cancer cells might upregulate c-FLIP s , leading 
to blockage of caspase-8 activation and apoptosis. 



Inhibition of Ca 2 /calmodulin signaling rapidly 
decreases the expression of c-FLIP s , facilitates proces- 
sing of caspase-8, and reduces survival of NSCLC cells 
in response to TRAIL. It has been reported that calcium 
signaling is impaired in lung cancer and the level of 
calmodulin is significantly increased compared with normal 
lung tissues. It is assumed that calmodulin has an important 
role in proliferation of lung cancer cells. 15 Importantly, we 
observed that the protein level of c-FLIP s substantially 
decreased when A549 cells were treated with cytosolic 
Ca 2+ chelator BAPTA-AM (1 ,2-bis(o-aminophenoxy)ethane- 
A/,A/,/V,AMetraacetic acid acetoxymethyl ester) (lO^M, 3h; 
Figure 5c). Furthermore, inhibition of proteasomal degrada- 
tion with MG132 significantly restored the level of c-FLIP s 
protein, indicating the importance of calcium signaling in the 
blockage of c-FLIP s degradation in proteasomes (Figure 5c). 
Similarly, application of the inhibitor of calmodulin-regulated 
enzymes, calmidazolium chloride (CMZ, lO^uM, 3h), as well 
as the potent irreversible inactivator of calmodulin, fluphe- 
nazine-A/-2-chloroethane (FPZ, 10 /iM, 3h), resulted in a 
rapid and pronounced decrease of the protein level of 
c-FLIPs in A549, and the effect on c-FLIP s expression was 
attenuated in the presence of MG132 (Figure 5c). Impor- 
tantly, downregulation of c-FLIP s was not accompanied by 
the activation of caspase-8 (Figure 5d). 

Further, to establish whether blockage of Ca 2+ /calmodulin 
signaling will affect the sensitivity of NSCLC to TRAIL-induced 
cell death, A549 cells were pretreated with calmodulin 
inhibitors (10 /iM, 1 h), followed by treatment with TRAIL 
(200ng/ml, 2h). Preincubation with either CMZ or FPZ 
resulted in a significant increase in caspase-8 processing, 
indicating their important contribution to TRAIL-induced 
apoptosis (Figure 6a). Immunoprecipitation analysis revealed 
that intracellular calcium chelation reduced the level of 
c-FLIPs and was clearly associated with higher processing 
of caspase-8 at the DISC (Figure 6b). Importantly, blockage of 
Ca 2+ /calmodulin signaling also considerably reduced the 
survival of NSCLC cells in response to TRAIL (200ng/ml, 
24 h) treatment measured by Annexin V staining (Figure 6c). 
These data were further supported by the results of the 
clonogenic assay. Thus, pretreatment with BAPTA-AM 
(5 or 10 /iM, 30min), followed by treatment with TRAIL 
(200 ng/ml, 3 h), resulted in a tremendous decrease in survival 
of NSCLC cells (Figure 6d), indicating that blockage of 
Ca 2+ /calmodulin signaling significantly reduces survival 
of NSCLC cells in response to TRAIL administration due to 
pronounced downregulation of c-FLIP s . 

Discussion 

Our findings demonstrate that most of NSCLC lines express 
high levels of caspase-8, FADD, and surface DR4, and that 
stimulation of these cells with TRAIL leads to their rapid 
apoptotic response. Furthermore, blockage of surface 
DR4 in NSCLC cells significantly reduces TRAIL-mediated 
apoptosis. Importantly, increased expression of DR4 was 
found in clinical samples obtained from patients with lung 
adenocarcinomas compared with non-neoplastic tissues, 
suggesting a correlation between expression of this DR and 
the response of these tumors to TRAIL treatment. Our idea 
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Figure 6 Inhibition of Ca 2+ /calmodulin signaling reduces survival of NSCLC 
cells in response to TRAIL, (a) A549 cells were pretreated (1 h) with calmodulin 
inhibitor CMZ (10 /*M) or FPZ (10/zM), followed by 2-h treatment with TRAIL 
(200ng/ml). Processing of procaspase-8 was analyzed by immunoblot. (b) A549 
cells were pretreated with calcium chelator BAPTA-AM (10 ^M, 1 h), followed by 1 -h 
treatment with biotinylated TRAIL (500 ng/ml). Protein complexes were precipitated 
using streptavidin agarose as described in Materials and Methods section. 
Biotinylated TRAIL was also added to untreated cell lysate at 500 ng/ml. DR4, 
FADD, c-FLIPs, and procaspase-8 cleavage were detected by immunoblot 
using specific antibodies, (c) A549 cells were pretreated with calmodulin inhibitors 
FPZ and CMZ or calcium chelator BAPTA-AM (10 fM, 1 h). To avoid toxicity, cells 
were washed and treated for an additional 24 h with TRAIL (200 ng/ml). Cell death 
was analyzed by flow cytometry using Annexin V staining, (d) The effect of calcium 
chelator BAPTA-AM on clonogenic survival of A549 and H661 cells. Cells were 
either untreated (Untr) or pretreated with BAPTA-AM (10 /M, 1 h), followed by 
TRAIL treatment (200 ng/ml, 3h). Then, cells were washed and incubated for an 
additional 14 days and a clonogenic assay was performed as described above. 
Error bars represent S.E. *P<0.05. CI, cleaved; FADD, Fas-associated protein with 
death domain; IP, immunoprecipitation; GAPDH, glyceraldehyde 3-phosphate 
dehydrogenase 



that DR4 has a significant contribution to TRAIL-mediated 
apoptosis could be also supported by recent clinical studies 
demonstrating the efficiency of combinatory treatment of 
advanced NSCLCs with a DR4 agonist monoclonal antibody 
and carboplatin and paclitaxel or previously treated with 
platinum-based compounds. 16 However, other clinical trials 
using the monoclonal agonist antibody that binds DR5 in 
patients with NSCLCs are also ongoing. 7 Interestingly, our 
previous publication demonstrated that, in contrast to 
NSCLCs, most of the SCLC cell lines investigated (four out 
of five) do not express DR4 at the surface and the molecular 
mechanisms involved in DR4 surface expression in SCLC 
cells should be further investigated. The apoptotic response to 
TRAIL treatment in SCLC is mediated via DR5, 17 supporting 
the notion that different approaches should be used in the 
treatment of SCLCs and NSCLCs. It should be noted that 
epigenetic silencing of DR4 was found in several tumor types, 
including melanomas, gliomas, and ovarian carcinomas, 
while DR5 expression in these tumors was not affected. 18-20 
Using various cancer cell models, several studies revealed 
different contributions of TRAIL DRs: DR5 contributes to 
TRAIL-mediated cell death in colon and breast cancer cell 
lines; 21 however, chronic lymphocytic leukemia cells exhibit 
apoptotic signaling via DR4. 22 On the basis of accumulated 
evidence from our and other groups, it seems that increased 
expression of DR4 might be a specific DR target in 
NSCLC cells. 

Another important finding of our study is that treatment with 
TRAIL leads to massive processing of c-FLIP L and is 
accompanied by the upregulation of c-FLIP s expression. 
Using immunoprecipitation of DISC, we found that c-FLIP s 
and the cleaved form of FLIP L are present in a complex with 
DR4 and FADD. Interestingly, it was reported that procas- 
pase-8 expression is increased in NSCLC and concomitant 
silencing of both c-FLIP L and c-FLIP s isoforms induced death 
of these cells via the TRAIL DR4 and DR5, but was not 
dependent on ligation of the receptors by TRAIL. 4 In our 
experiments, single silencing of either c-FLIP L or c-FLIP s by 
itself did not cause any significant effect on apoptotic cell 
death. Furthermore, the obtained data demonstrate that 
c-FLIP L has no major impact on TRAIL-mediated apoptosis 
and clonogenic survival. In contrast to c-FLIP s , which has two 
death effector domains (DED), the FLIP L isoform in addition to 
DED domains also contains a caspase-like domain where the 
active-center cysteine residue is substituted by a tyrosine 
residue and both these forms potently inhibit apoptosis 
induced by DRs. 1 Previously, it was also reported that c-FLIP L 
at physiologically relevant levels upon stimulation of CD95 
enhanced procaspase-8 activation through heterodimeriza- 
tion at DISC and promoted apoptosis, while a decrease of its 
expression resulted in apoptosis inhibition. 23 A more recent 
report described a mathematical model of CD95-induced 
apoptosis where c-FLIP L has a proapoptotic role only upon 
strong receptor stimulation or in the presence of high amounts 
of one of the short c-FLIP isoforms, c-FLIP s or c-FLIP R 24 This 
study also demonstrated that in contrast to the dual functions 
of c-FLIP L , overexpression of its short c-FLIP s and c-FLIP R 
isoforms blocked procaspase-8 cleavage at the DISC 
even after long stimulation of the CD95 receptor. Taken 
together, these reports support our findings that TRAIL- 
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mediated upregulation of c-FLIP s blocked the processing of 
caspase-8 at DISC and promoted survival of NSCLC cells. 

Previously, it was demonstrated that CHX sensitizes T cells 
to CD95-mediated apoptosis. Such treatment only slightly 
reduced c-FLIP L ; however, c-FLIP s became almost unde- 
tectable, suggesting that c-FLIP s rather than c-FLIP L , confers 
resistance of T cells to CD95-mediated death in the context of 
immune responses. 25 Stimulation of TCR/CD3 in human 
peripheral blood T lymphocytes mediated upregulation of 
c-FLIPs, which inhibited CD95-dependent apoptosis by 
blocking DISC activity. 26 Another group has demonstrated 
that activated T cells upregulate the CD95 ligand; however, 
despite the expression of CD95 receptor, they remain 
resistant to apoptosis due to upregulation of c-FLIP s by the 
calcineurin/NFAT pathway. 27 Moreover, c-FLIP s expression 
might also reduce cancer cell death 28,29 which signifies the 
importance of our findings that upregulation of c-FLIP s in 
NSCLC cells in response to TRAIL is involved in the 
maintenance of survival. Furthermore, our data also demon- 
strate that the expression of c-FLIP s (but not c-FLIP L ) is 
rapidly downregulated upon administration of CHX to the 
survived population of TRAIL-treated NSCLC cells, which 
strongly correlates with caspase-8 activation and execution of 
apoptosis. In fact, the more important finding is that down- 
regulation of c-FLIPs correlates with clonogenic survival of 
NSCLC cells. 

It has been shown that rapid turnover of c-FLIP s is 
determined by its unique C-terminal tail. 30 Here we observed 
that inhibition of proteasomal, but not lysosomal, degradation 
is involved in c-FLIP s stabilization in NSCLC cells. Thus, even 
short (3h) inhibition of proteasomal degradation in NSCLC 
cells with an undetectable level of c-FLIP s protein dramati- 
cally increased its expression/stabilization. 

Potential involvement of Ca 2+ /calmodulin signaling in the 
regulation of c-FLIP expression has also been suggested. 
Thus, CAMK-II regulated c-FLIP L expression through the 
regulation of its stabilization by phosphorylation. 31 Another 
publication demonstrated that protein-kinase-C-mediated 
S193 phosphorylation selectively affected the stability of the 
short c-FLIP and determined the sensitivity of cells to death- 
receptor-mediated apoptosis. 32 Keeping in mind the few 
observations that the calmodulin level is significantly higher 
in lung cancers and its level correlates with the hystopatho- 
logical grading and tumor staging, 15 we inhibited Ca 2+ / 
calmodulin signaling and were able to demonstrate its 
involvement in the stability of c-FLIP s protein and survival of 
NSCLC cells in response to TRAIL administration. Using the 
inhibitor MG132, we confirmed that inhibition of Ca 2+ / 
calmodulin signaling promotes proteasomal degradation of 
c-FLIPs, but we were not able to detect phosphorylation of 
c-FLIPs using a phospho-(Ser/Thr)-specific antibody and, 
therefore, further studies are required to reveal the molecular 
mechanisms of its stabilization by Ca 2+ /calmodulin signaling. 
Similarly, the specific ubiquitin-ligase involved in ubiquitina- 
tion and degradation of c-FLIP s needs to be determined. In 
addition, another study demonstrated a Ca 2 + -dependent 
direct interaction between calmodulin and c-FLIP L ; however, 
no c-FLIPs was found in this complex. 33 Thus, one can 
assume that - similar to the interaction with c-FLIP L - 
calmodulin might act together and inhibit the activity of other 



proteins, such as a specific ubiquitin ligase involved in the 
degradation of c-FLIP s in proteasomes. In this way, expres- 
sion of calmodulin could predispose survival of NSCLC cells in 
response to TRAIL treatment. 

Importantly, our observations demonstrate that besides 
reduction of procaspase-8, chelation of intracellular Ca 2+ or 
inhibition of calmodulin significantly increases the amount of 
its active p1 8 domain. The formation of p1 8 caspase-8 domain 
resulted from the second-step cleavage of procaspase-8, 34 
suggesting that blockage of Ca 2+ /calmodulin signaling in 
response to DR4-mediated apoptosis also facilitates the 
second step of procaspase-8 activation or promotes stabiliza- 
tion of its active form. 

Taken together, we demonstrate increased DR4 expres- 
sion and its importance for the sensitivity of NSCLC cells to 
TRAIL treatment. Furthermore, we reveal that upregulation of 
c-FLIPs in response to TRAIL is a potential mechanism in the 
prevention of the apoptotic response and clonogenic survival 
of NSCLC cells. We propose that facilitation of proteasomal 
degradation of c-FLIP s in NSCLC cells by inhibition of Ca 2+ / 
calmodulin signaling is sufficient to reduce drastically survival 
of NSCLC cells in response to TRAIL treatment. Thus, 
specific inhibitors of calmodulin or calcium channels that 
reduce intracellular calcium levels might potentially be 
used persisting NSCLC cell survival in response to TRAIL 
treatment. 



Materials and Methods 

Cell culture and treatments. Human lung carcinoma A549 (ATCC; 
Manassas, VT, USA, CCL-185), H661 (ATCC; HTB-183), H157 (ATCC; CRL- 
5802), H125 (ATCC; CRL-5801), and U1810 cell lines (from the collection at the 
Uppsala University, Uppsala, Sweden) were cultured in RPMI 1640 (Sigma, 
Stockholm, Sweden) with 10% heat-inactivated fetal bovine serum, glutamine 
(2mM), penicillin (100u7ml) and streptomycin (100^g/ml) (all obtained from 
Gibco, Paisley, UK) at 37 °C, 5% C0 2 , and 95% humidity. Cells were seeded 24 h 
before treatment for the indicated time periods with TRAIL. Cells were treated with 
inhibitors of calmodulin (CMZ and FPZ), calcium chelator BAPTA-AM, protease 
inhibitor MG132, and inhibitor of proteosynthesis CHX as specified in the text. 

Clinical material. Surgically resected specimens were collected from patients 
with lung adenocarcinomas at the Clinical Oncology Research Institute, NN 
Blokhin Russian Cancer Research Center during the period 2007-2009. After 
surgical removal, the tumor specimens were frozen and stored in liquid nitrogen. 
All patients signed informed consent forms according to the legal institutional 
guidelines and ethical permission. The tumor clinic morphological stages were 
determined according to the standard tumor TNM classification systems of the 
International Union Against Cancer (edition 7). 

Clonogenic assay. For the clonogenic assay, cells were seeded in 6-well 
plates, and 24 h after seeding, cells were treated as described in the text and grown 
for an additional 14 days. Colonies were washed in PBS, fixed with 4% 
paraformaldehyde (20min, RT), and stained with crystal violet solution (0.4% (w/v)). 

Surface TRAIL receptor expression. The level of surface expressed 
TRAIL receptors was detected by flow cytometry as described previously. Briefly, 
after washing with PBS, cells were incubated (30 min, 4 °C) with primary antibody: 
anti-DR4 (Diaclone, Besancon, France; clone B-N36) antibody. After washing two 
times, cells were incubated (30 min, 4°C) with secondary antibody (AlexaFluor488- 
conjugated donkey anti-rabbit IgG; Molecular Probes, Eugene, OR, USA). Then, cells 
were washed two times and stained (15 min, 4°C) with 7-AAD (1 ^g/ml; Molecular 
Probes) and analyzed using flow cytometry (FACScan; Becton Dickinson, San Jose, 
CA, USA). 7-AAD-negative cells were subjected to receptor analysis (Cell Quest 
software, San Jose, CA, USA). The results are expressed as histograms and related 
to appropriate controls lacking the specific primary antibody. 
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Immunoprecipitation of DISC. Ligand affinity precipitations of 
TRAIL/TRAIL-R complexes were performed using biotinylated TRAIL. A total of 
5 x 10 6 cells were treated with bio-TRAIL (500 ng/ml, 2 h), washed two times with 
ice-cold PBS, and lysed in 500 ^tl buffer containing 50 mM Tris-HCI (pH 7.5), 
150 mM NaCI, 10% glycerol, and 1% NP-40. The resulting protein complexes were 
precipitated from the lysates by incubation (4h) with 30^1 streptavidin beads 
(Sigma) at 4°C. To control for protein association to non-stimulated receptors, 
bio-TRAIL was added to the untreated lysates at 500 ng/ml. Streptavidin beads 
were washed five times and proteins eluted by the addition of 15/*l 2 x Laemmli 
buffer. Samples were boiled and expression of proteins was determined 
by western blot. 

Annexin V/PI staining and assessment of mitochondrial mem- 
brane potential by FACS. Annexin V/PI double-staining was carried out 
using an Annexin-V-FLUOS Staining Kit (Roche Applied Science, Mannheim, 
Germany) according to the manufacturer's instructions. 

For the assessment of mitochondrial membrane potential, cells were washed in PBS, 
incubated for 20min at 37 °C with 25 nM of tetramethylrhodamine ethyl ester 
perchlorate (TMRE; Molecular Probes; T-669) in PBS, and subsequently analyzed by 
flow cytometry (FACScan; Becton Dickinson). Cells were analyzed by flow cytometry 
(FACScan; Becton Dickinson), and data were evaluated using the Cell Quest software. 

RNA interference. Cells were seeded onto 6-well plates in growth media 
without antibiotics. Non-targeting siRNA, anti-caspase-8, anti-FLIP L , and anti- 
FLIP S siRNAs (all from Dharmacon, Lafayette, CO, USA) were diluted in 100 [i\ of 
OPTI-MEM (Gibco) and mixed with 5^1 of INTERFERE siRNA Transfection 
Reagent (Polyplus-transfection, lllkirch, France). After 10 min of incubation, the 
complexes were added to the cells. The final concentration of siRNA in the 
medium was 50 nM. At 24 h after transfection, the medium was replaced and 
treatments were administered. Otherwise, cells were re-seeded and the desired 
treatments were applied 24 h after the seeding. 

Immunoblotting. Cells were lysed using Roche buffer, supplemented with 
protease inhibitor cocktail (Roche). The protein concentration was determined 
using the BCA protein assay (Pierce, Rockford, IL, USA). The samples were 
mixed with Laemmli buffer, boiled for 5 min, subjected to SDS-PAGE, and blotted 
onto nitrocellulose membrane (Bio-Rad, Munich, Germany), which was blocked for 
1 h with 5% non-fat milk in PBS and probed with primary antibodies diluted in PBS 
containing 2% BSA (Sigma) and 0.05% Tween-20 (Sigma). The following 
antibodies were used: mouse anti-cleaved PARP-1, anti-cleaved caspase-3, anti- 
cleaved caspase-9 (all obtained from Cell Signaling Technology, Danvers, MA, 
USA), anti-DR4, anti-DR5 (Sigma), anti-GAPDH (Trevigen, Gaithersburg, MD, 
USA), rabbit anti-actin (Sigma; A2066), anti-c-FLIP and anti-caspase-8 (provided 
by Drs. I Lavrik and P Krammer), and anti-FADD (BD Biosciences, San Jose, CA, 
USA). The recognized proteins were detected using horseradish peroxidase- 
labeled secondary antibodies: anti-goat IG, anti-mouse IgG (Pierce), anti-rabbit 
IgG (Pierce), and an enhanced chemiluminescence kit (Amersham, Amersham 
Bioscience, Freiburg, Germany). 

Real-time quantitative-PCR. Reversed-transcribed cDNA from the sam- 
ples were used as templates. FLIP S (FS-1, 5'-GGGCCGAGGCAAGATAAGC 
AAGG-3' and FS-2, S'-TCAGGACAATGGGCATAGGGTGT-S') and 18S ribosomal 
RNA (18S-1, S'-CGCTACTACCGATTGGATGGTT-S' and 18S-2, 5'-AGTCAAGTT 
CGACCGTCTTCTC-3') primers (Invitrogen, Stockholm, Sweden) were designed 
to match the target cDNA sequence. In all, 20 ng of the reversed-transcribed 
cDNA template was mixed with SYBR Green PCR Master Mix (Applied 
Biosystems, Stockholm, Sweden) and amplified using a 7500 Real-Time PCR 
System (Applied Biosystems), with the following program: 40 cycles, with each 
cycle consisting of a denaturation step at 95 °C for 15 s and an annealing/ 
extension step at 60 °C for 1 min. mRNA expression levels of each gene in the 
treated cells are presented as the fold-increase relative to untreated cells, after 
normalization against 18S RNA. 

Statistical analysis. All the results are expressed as means ±S.E. 
Statistical evaluation was performed using an unpaired f-test. 
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